Abstract: Conversion of corn fiber to ethanol in the dry grind process can increase ethanol yields, improve coproduct quality and contribute to process sustainability. This work investigates the use of two physio-chemical pretreatments on corn fiber and effect of cellulase enzyme dosage to improve ethanol yields. Fiber separated after liquefaction of corn was pretreated using (I) hot water pretreatment (160 • C for 5, 10 or 20 min) and (II) wet disk milling and converted to ethanol. The conversion efficiencies of hot water pretreated fiber were higher than untreated fiber, with highest increase in conversion (10.4%) achieved for 5 min residence time at 160 • C. Disk milling was not effective in increasing conversion compared to other treatments. Hydrolysis and fermentation of untreated fiber with excess cellulase enzymes resulted in 33.3% higher conversion compared to untreated fiber.
Introduction
Bioethanol is the most commonly used renewable fuel in the transportation sector. It can be produced from fermentation of sugars obtained from sugar crops, starch rich feedstocks or lignocellulosic biomass. The United States is the biggest ethanol producer. Starch and fiber (approximately 72 and 10% w/w dry basis, respectively) are two sources of carbohydrates in corn, which can be hydrolyzed and fermented to ethanol. In the conventional dry grind process, corn is milled and mixed with water to form slurry. The corn starch is converted to ethanol through a series of steps, involving jet cooking, liquefaction and simultaneous saccharification and fermentation (SSF). The unfermented components go through several operations of dewatering and dehydration to produce a coproduct known as distillers dried grains with solubles (DDGS). Due to the high recalcitrance of corn fiber, it remains unconverted and ends up in DDGS, reducing its quality [1, 2] .
Corn fiber is composed of approximately 30 to 50% arabinoxylan, 15 to 20% cellulose and 10 to 25% adherent starch [3, 4] and its conversion during dry grind processing could potentially increase the ethanol yield by 13% [5] . High coproduct value plays an integral role in offsetting ethanol production costs contributing to profitability of the process [6] . Fiber conversion in the dry grind process would increase protein content of DDGS improving its nutritional quality and overall value as a coproduct [1, 2] . As corn fiber is considered as a cellulosic feedstock, the ethanol produced from corn fiber generates D3 Renewable Identification Numbers (RINs) which can further contribute to process profitability [7] .
Most studies on hydrolysis and fermentation of corn fiber have been based on fiber produced from wet milling [5, 8, 9] or fiber-rich coproducts from dry grind processing such as whole stillage [4] and DDGS [10] [11] [12] [13] [14] [15] . Hot water pretreatment of wet milled fiber between 200 • C to 260 • C achieved up to 84% conversion of cellulose compared to 17% for untreated fiber [9] . Hot water pretreatment of wet milled fiber at 160 • C for 20 min could achieve >90% conversion of fiber to ethanol through fermentation of fiber with genetically modified microorganisms [8] . Grinding and sieving whole stillage increased neutral detergent fiber (NDF) by 45 to 101% and subsequent pretreatment and hydrolysis of whole stillage produced 90.97% glucose, 92.93% xylose and 76.99% arabinose yields, respectively [4] . Supplementation of feruloyl esterase to xylanase and cellulase enzymes resulted in 80% glucose and 50% xylose yields in pretreated DDGS samples [13] . Commercial xylanases did not effectively hydrolyze the heteroxylan fraction in DDGS as the phenolic compounds associated with crosslinking of hemicellulose chains inhibit hydrolysis by xylanases. Supplementation of enzymes such as feruloyl esterase increased xylan hydrolysis efficiency in fiber hydrolysis [11] . Fermentation and hydrolysis of pretreated distillers wet grains with similar enzymes and xylose and hexose fermenting micro-organisms resulted in 100% theoretical yields [13] . DDGS samples obtained from different sources and pretreated with hot water at 160 • C for 20 min produced higher than 70% ethanol of theoretical ethanol [14] . Ammonia Fiber Expansion (AFEX) pretreated DDGS produced 190 g ethanol/kg biomass and improved DDGS quality [10] . Kim et al. [16] achieved higher than 90% and 70% cellulose to glucose conversion for cracked and ground pericarp, respectively. However, Kim et al. [16] did not study conversion of fiber to ethanol. Recently, there has been commercial interest in technologies involving fiber separation and conversion prior to SSF in dry grind ethanol process. Fermentation of fiber produced from wet fractionation process such as quick fiber resulted in 85% conversion [17] . Similarly, endosperm and pericarp fiber obtained from enzymatic milling of corn produced 23.1 and 19.1 g of ethanol/100 g fiber, respectively [18] . However, fractionation of corn is cost intensive and difficult to implement in dry grind process [4] .
The objective of this work was to identify approaches and process conditions to convert corn fiber into ethanol with minimal changes in the dry grind process. One such approach is to separate liquid (containing soluble dextrins and proteins) and solid (containing fiber, water insoluble dextrins, and proteins) fractions and process the solid fraction to produce ethanol. Like any other lignocellulosic biomass, a pretreatment step is necessary for the process that converts fiber into ethanol. Pretreatment disrupts fiber structure, reduces cellulose crystallinity and increases enzyme accessibility improving hydrolysis efficiency. Disk milling has been an effective pretreatment for increasing sugar and ethanol yields in different feedstocks such as corn stover [19, 20] , rice straw [21, 22] , sugarcane bagasse [23, 24] and oil palm fiber [25, 26] . However, the effects of disk milling pretreatment on corn fiber have not been investigated. In this study, the fiber rich solid fraction was pretreated with hot water and disk milling, which provided the advantages of no chemical use, lower cost requirements compared to other pretreatments [19, 20, 27] and relative ease of incorporation into the dry grind process. Specific objectives of this study were to investigate the use of: (i) physiochemical pretreatments (hot water, wet disk milling) and (ii) cellulase enzymes on corn fiber to improve ethanol yields.
Materials and Methods

Materials
Yellow corn (P1197AMXT) used in this work (harvest year 2016) was obtained from DuPont Pioneer (Champaign, IL, USA). Thermostable α-amylase and glucoamylase (distillase SSF) enzymes used in this research were a generous donation from DuPont Industrial Biosciences (Palo Alto, CA, USA). Commercially available cellulase (Cellic ® Ctec2) and hemicellulase (Cellic ® Htec2) were a generous donation by Novozymes (Franklinton, NC, USA). Active dry yeast (Ethanol Red) was generously donated by Fermentis-Lessaffre Yeast Corporation (Milwaukee, WI, USA). 
Fiber Preparation
Corn was ground using a hammer mill (1100 W, model MHM4, Glen Mills Inc., Clifton, NJ, USA) at 500 rpm using a 0.5 mm sieve. Ground corn (100 g dry basis) was mixed with de-ionized (DI) water to form a slurry of 32% solids which was adjusted to pH 5.1 using 10 N sulfuric acid. The recommended dose of α-amylase (25.7 µL) [28] [29] [30] , was added to the slurry and slurry was liquefied at 85 • C for 90 min using Labomat incubator (Labomat BFA-12, Werner Mathis AG, Oberhasli, Switzerland) with continuous agitation. Mash was vacuum filtered in a 4 L flask through Whatman No. 4 filter paper and retentate produced was dried for 72 h at 49 • C. The dried retentate was ground using a hammer mill at 500 rpm through a 2 mm sieve. The ground retentate was stored in Ziploc bags in the freezer (−18 • C). The ground retentate was referred in this study as fiber.
Composition Analysis of Fiber
Composition analysis of fiber was performed using standard laboratory procedures developed and published by National Renewable Energy Laboratory (NREL). Extractives were determined by the procedure adapted from Sluiter et al. [31] . The extractive free samples were analyzed for carbohydrate and lignin contents using a procedure adapted from Sluiter et al. [32] . Samples were digested in 72% w/w sulfuric acid at 30 • C for 60 min and in 4% w/w sulfuric acid at 121 • C for 60 min. Digested samples were filtered through filtering crucibles and the filtrate was analyzed for sugars in HPLC (Aminex HPX-87P, Bio-Rad, Hercules, CA, USA). Acid soluble lignin was determined by measuring the absorbance of the filtrate at 205 nm in UV-Vis Spectrophotometer (Evolution array, Thermo Scientific, Waltham, MA, USA). Acid insoluble lignin was determined through gravimetric analysis [32] . An enzymatic assay [33] using the Total Starch Kit (Megazymes, Bray, Co. Wicklow, Ireland) was used for starch content determination.
Hot Water Pretreatment
Hot water pretreatment of fiber was performed at 50 g scale by mixing 10 g fiber with DI water to obtain 20% w/w solids. The slurry was placed in batch tubular 316 stainless steel reactors (Swagelok SS-T12-S-065-20, Chicago Fluid System Technologies, Chicago, IL, USA) with 19.1 mm O.D. × 1.7 mm wall thickness and 104.8 mm length and capped on both sides with 19.1 mm screwed 316 stainless steel caps which were heated and incubated in a fluidized sand bath (Model 01187-00 bath and 01190-72 temperature controller; Cole-Parmer, Vernon Hills, IL, USA). The internal temperature was monitored with a data logger (HH306/306A, Data Logger Thermometer, Omega, Stamford, CT, USA) with a type-K thermocouple installed in a tube filled with an equal amount (50 g) of water. Hot water pretreatment was performed by heating reactors to 160 • C and maintaining the temperature for 5, 10 or 20 min. The reactors were cooled by immersion in cold water. Severity factor (R 0 ) was calculated according to the method by Wang et al. [24] :
where t = time of incubation (min), T is the temperature of pretreatment ( • C). Log severity factor is expressed as Log (R 0 ).
Wet Disk Milling
Disk milling was performed according to the procedure outlined by Kim et al. [19] . Disk milling (3 cycles) was performed on fiber with 20 and 45% w/w dry solids (referred to as WDM20 and WDM45, respectively). Disk milling (Quaker City Grinding Mill model 4E, Straub Co., Philadelphia, PA, USA) was operated at a disk speed of 89 rpm with zero clearance between stationary and rotating disks. A sample from the disk milled slurry was used for moisture determination. 
Simultaneous Saccharification and Fermentation (SSF)
The objective of the study was to compare fiber to ethanol conversion achieved using approaches such as physiochemical pretreatments (hot water and disk milling) and excess cellulase addition (during SSF) to the conversion achieved with SSF performed under standard conditions and cellulase loadings (30 FPU/g fiber) on untreated fiber (control treatment). For control treatment, 10 g dry untreated fiber was mixed with 0.1 M citrate buffer (pH 5) to obtain 10% w/w solids. Cellulase enzyme (Cellic CTec2, 135 FPU/mL), 2.2 mL, 0.55 mL hemicellulase enzyme (Cellic HTec2), 7 µL glucoamylase (DISTILLASE ® SSF), 0.25 mL yeast culture and 0.05 mL 50% w/v urea solution were added at the start of SSF. SSF was performed for 72 h at 32 • C with continuous agitation at 95 rpm in a water bath. For hot water and disk milling pretreatments, pH of 10 g dry pretreated fiber was adjusted to 5.0 and SSF was performed similar to control treatment. One set of experiments was performed by adding excess of cellulase enzymes (120 FPU/g fiber addition referred to as 4x cellulase in the manuscript). All the process conditions were kept similar except cellulase enzymes were added 4 times compared to the previous experiment. For all treatments, SSF was monitored by taking 1 mL samples at 0, 6, 12, 24, 48 and 72 h. Samples were analyzed in duplicate to determine sugar and ethanol content in an HPLC (Model 2414, Waters Corporation, Milford, MA, USA; Aminex HPX-87H column, Bio-Rad). Each treatment was performed in three replicates. To account for ethanol production from sugars present in enzymes, SSF was performed with all constituents except fiber. Ethanol concentrations in blank flasks were subtracted from treatment flasks. Details of the treatments are summarized in Table 1 . Table 1 . Description of treatments investigated for conversion of fiber into ethanol.
Treatment Pretreatment Conditions Solids During Pretreatment
Cellulase Dose during SSF 
Control
Determination of Total Phenol Concentration
Procedure adapted from Bower et al. [34] was used for total phenolic concentration (TPC) analysis. Samples were filtered through 0.2 µm screen prior to analysis. Samples, standards and blanks (50 µL) were mixed with 50 µL of 1 N Folin Ciocalteu's reagent and incubated for 4 min in a 96 well flat bottom plate. After incubation, 100 µL of 20% sodium carbonate was added to the plate and the plate allowed to stand for 10 min at 25 • C. The absorbance of the solution was measured at 765 nm in UV/Vis microplate spectrophotometer (Fisherbrand Accuskan Go, Hampton, NH, USA). Gallic acid (GA) with concentrations of 0, 5, 10, 15, 20, 25 and 30 µg/mL were used as standards. Results were expressed as mg equivalent GA per mL solution (mg equiv. GA/mL) using the standard curve, y = 0.0168x + 0.0553, R 2 = 0.99.
Calculation of Ethanol Yield and Conversion Efficiency
The procedure outlined by Kumar et al. [35] was used to calculate conversion efficiency. Conversion efficiency was calculated based on total glucose polymers. 
Statistical Analysis
To compare mean differences, analysis of variance (ANOVA) and Tukey's HSD tests (R core team, Vienna, Austria) were performed at 95% level of significance.
Results and Discussion
Composition Analysis of Fiber
Corn mash produced after liquefaction was filtered through Whatmann No.4 filter paper. The retentate obtained after filtration was 29.5% of mash weight and contained 56.1% moisture prior to drying. Fiber (retentate) was composed of 10.8% glucan, 7.0% xylan, 5.5% arabinan, 5.9% acid soluble lignin, 3.9% acid insoluble lignin, 1.2% ash and 62.1% extractives on a dry basis ( Table 2) . Fiber contained 21.5% structural carbohydrates and 49.3% starch based polymers, which implied the hydrolysis and saccharification of fiber could yield a large amount of fermentable sugars. Soluble sugars present in the fiber were glucose (1.8%) and maltose (7.8%); no pentoses were detected in the analysis. Low concentration of monomeric sugars in fiber was expected as α-amylase cannot hydrolyze starch to monomeric sugars. A high extractive yield (62.1%) and moisture content (56.1% before drying) of fiber were indicative that a large amount of filtrate (with soluble sugars and dextrins) was retained in the fiber. 
Effect of Hot Water Pretreatment on Fiber Conversion
Ethanol production profiles and fiber to ethanol conversions are presented in Figure 1 and Table 3 , respectively. Conversions for hot water pretreated fiber were higher than control treatment (Table 3) . However, conversion for LHW20 was not different from untreated fiber conversion at 5% level of significance. We selected the pretreatment severity based on the work of Mosier et al. [8] and used by other studies [11, 13, 14] . We did not observe a significant increase with these conditions. Mosier et al. [8] studied ethanol conversion from fiber produced from wet milling whereas fiber produced through liquefied mash was used in this study. Differences in the fiber compositions and solid loading (15% w/w in [8] and 20% w/w in our study) during pretreatment conditions might be responsible for differences between the results. However, we observed increase in ethanol yield at lower pretreatment severities which were economically favorable than higher severity treatments. The conversions in LHW5, LHW10 and LHW20 corresponded to 10, 7 and 4% increase in final ethanol concentrations, respectively (Table S1 ). Hot water pretreatment results in loosening of the cellulosic structure of corn fiber and the release of cellulose oligomers increasing hydrolysis efficiency [36, 37] . Higher hydrolysis efficiency during SSF was responsible for higher ethanol concentration in hot water pretreated fiber. The results were in agreement with other studies [4, 11, 13, 14] 
of DDGS at 160 • C for 20 min increased ethanol yield to 90% of theoretical compared to 69% for untreated DDGS [11] . DDGS pretreated under similar conditions increased cellulose hydrolysis efficiency to 98% compared to 79% for untreated DDGS [13] . Hot water pretreatment of wet distiller's grains at 160 • C for 20 min increased hydrolysis efficiency of cellulose to 70% compared to 50% for untreated wet distiller's grains [14] . Glucose profiles of 160 °C for 5, 10 and 20 min and control were similar during SSF. The glucose concentration decreased with time and nearly all glucose was fermented with less than 0.2% remaining after 24 h for all samples (Figure 1 ). Peak xylose concentrations during SSF increased with hot water pretreatment severity which indicated increased hemicellulose breakdown with severity (Table 3 ).
In the current study, conversion efficiencies were found maximum for shorter pretreatment time Glucose profiles of 160 • C for 5, 10 and 20 min and control were similar during SSF. The glucose concentration decreased with time and nearly all glucose was fermented with less than 0.2% remaining after 24 h for all samples (Figure 1 ). Peak xylose concentrations during SSF increased with hot water pretreatment severity which indicated increased hemicellulose breakdown with severity (Table 3 ).
In the current study, conversion efficiencies were found maximum for shorter pretreatment time (5 min). High residence time at elevated temperatures during pretreatment led to high pretreatment severity and produced several compounds inhibitory to enzymes and yeasts [38, 39] . Weil et al. [9] found that improvement in hydrolysis efficiency of corn fiber decreased with increase in pretreatment severity. Furfural or hydroxymethyl furfural, most common yeast inhibitors, were not detected in all hot water pretreatment conditions. Lower ethanol yield in LHW20 compared to LHW5 can be attributed to decrease in hydrolysis efficiency. Total phenolic concentration after 72 h Energies 2018, 11, 2921 7 of 12 fermentation was higher for LHW20 compared to control and LHW5 pretreatment ( Table 3) . Release of phenolic compounds from ground pericarp was responsible for cellulase inhibition that decreased hydrolysis efficiency. Kim et al. [16] observed cellulase inhibition with increasing concentration of phenolic compounds in pericarp hydrolysis. Concentration and type of phenolic compound influence cellulase inhibition [16, 40, 41] . Ximenes et al. [34] identified inhibitory effects of individual phenolic compounds on cellulase and β-glucosidase activities. Heat treatments such as steam explosion [42] and thermomechanical extrusion [43] resulted in release of phenolic compounds bound to corn pericarp. Release of phenolic compounds is correlated positively to the degree of hemicellulose degradation. Thus, increase in total phenolic content with increasing pretreatment severity can be explained with the higher degree of hemicellulose degradation. Acetic acid is a well-known yeast inhibitor produced from degradation of acetyl groups in fiber hemicellulose. Production of acetic acid is correlated positively with pretreatment severity. In our study, acetic acid concentrations of 1.3 mg/g dry fiber and 0.6 mg/g dry fiber were observed for LHW20 and LHW10, respectively, just after pretreatment; whereas, no acetic acid was detected for LHW5. Cellobiose concentration increased in the initial stages of fermentation and was not detected at the end of SSF for all treatments except LHW20 ( Figure S1 ). Presence of cellobiose at end of SSF indicated β-glucosidase inhibition in LHW20. Higher phenol concentration in LHW20 compared to other treatments can be a factor responsible for β-glucosidase inhibition in LHW20.
Effect of Disk Milling Pretreatment on Fiber Conversion
Recent technologies based on fine grinding claim to increase the conversion of fiber by increasing accessibility of enzymes to cellulose and releasing of starch bound to fiber [7] . Thus, conversion was expected to increase with disk milling pretreatment. However, in the current study the conversions for fiber disk milled at 20 and 45% w/w solids and control were not different (Table 4, Figure 2 ). One possible reason for this behavior is that corn was already ground to a particle size lower than 0.5 mm during slurry formation, which released most of the bound starch, thus additional grinding did not improve ethanol yield. Peak xylose concentrations for disk milling pretreatments were not higher than control which indicated no improvement in hemicellulose breakdown with disk milling (Table 4) . Thus, a higher number of disk milling cycles might be required for increasing fiber conversion. There was no difference in total phenol concentration (TPC) after 72 h fermentation between control and disk milling treatment indicating that phenolic compounds were not responsible for enzyme inhibition. 
Effect of Excess Cellulase Addition on Untreated Fiber Conversion
Low accessibility to cellulose and inhibition of cellulases are some of the challenges associated with biomass hydrolysis. No limitation on enzyme dose can be a solution to these challenges. Thus, the addition of excess cellulase dose (120 FPU/g fiber) on fiber conversion was evaluated to understand the effect of no enzyme limitation on conversion of untreated fiber. Addition of 120 FPU/g 71.5 ± 1.2a 1.09 ± 0.08b 0.39 ± 0.07a * Mean ± standard deviations from three replicates. Means followed by same letter are not different at 95% level of significance (p > 0.05). 1 Control represents SSF of untreated fiber using glucoamylase, cellulase (30 FPU/g fiber) and yeast. 2 WDM20 represents SSF of fiber (using glucoamylase, cellulase (30 FPU/g fiber) and yeast) pretreated with 3 cycles (89 rpm) disk milling at 20% w/w solids. 3 WDM45 represents SSF of fiber (using glucoamylase, cellulase (30 FPU/g fiber) and yeast) pretreated with 3 cycles (89 rpm) disk milling performed at 45% w/w solids.
Low accessibility to cellulose and inhibition of cellulases are some of the challenges associated with biomass hydrolysis. No limitation on enzyme dose can be a solution to these challenges. Thus, the addition of excess cellulase dose (120 FPU/g fiber) on fiber conversion was evaluated to understand the effect of no enzyme limitation on conversion of untreated fiber. Addition of 120 FPU/g fiber cellulase in SSF resulted in a higher conversion compared to control (Table 5, Figure 3 ). Final ethanol concentration achieved with 4x cellulase treatment was 31% higher than control treatment (Table S2) . Increase in cellulolytic enzyme dose increased hydrolysis efficiency resulting in higher conversion. Peak xylose concentration for 4x cellulase treatment was higher than control indicating higher hemicellulose conversion (Table 5) . Increase in cellulase dose from 10 to 30 FPU/g fiber increased ethanol yield by 37% in sugarcane bagasse pretreated sequentially with hot water and disk milling [24] . Similarly, an increase in cellulase dose from 5 to 32 FPU/g biomass increased ethanol yield by 27% in steam pretreated softwood [44] . Glucose yields for corn stover sequentially pretreated with hot water and disk milling were 40 and 48% of theoretical when hydrolysis was performed with 7.8 and 31.2 mg cellulase/g dry biomass, respectively [19] . Total phenol concentration after 72 h fermentation was higher for 4x cellulase compared to control treatment (Table 5) . However, the ratio of cellulase to phenols was higher in 4x cellulase (0.144 g enzyme/mg equiv. GA) compared to control treatment (0.084 g enzyme/mg equiv.GA) which increased hydrolysis efficiency in 4x cellulase treatment. Similar to hot water pretreatment, higher phenol concentration was observed with increase in peak xylose concentration. Kim et al. [16] observed a small increase in cellulose hydrolysis efficiency by increasing cellulase dose from 5 to 27 mg/g fiber in corn pericarp hydrolysis when pericarp size was lower than 0.8 mm. Release of phenolic compounds (due to small pericarp size) was responsible for cellulase inhibition at both levels of enzyme doses. However, in this study SSF was performed with higher enzyme doses compared to the study by Kim et al. [16] . Thus, an increase in cellulose conversion was observed with increase in enzyme dose. Starch hydrolysates in fiber (49.3% w/w) might be responsible for cellulase inhibition during SSF. Addition of 7.7 mg starch hydrolyzates/mg protein led to 25% inhibition of β-glucosidase in a study with model cellobiose compounds [41] . Higher cellulase to inhibitor ratio in 4x cellulase treatment was responsible for higher conversion compared to control. Total phenol concentration after 72 h fermentation was higher for 4x cellulase compared to control treatment (Table 5) . However, the ratio of cellulase to phenols was higher in 4x cellulase (0.144 g enzyme/mg equiv. GA) compared to control treatment (0.084 g enzyme/mg equiv.GA) which increased hydrolysis efficiency in 4x cellulase treatment. Similar to hot water pretreatment, higher phenol concentration was observed with increase in peak xylose concentration. Kim et al. [16] observed a small increase in cellulose hydrolysis efficiency by increasing cellulase dose from 5 to 27 mg/g fiber in corn pericarp hydrolysis when pericarp size was lower than 0.8 mm. Release of phenolic compounds (due to small pericarp size) was responsible for cellulase inhibition at both levels of enzyme doses. However, in this study SSF was performed with higher enzyme doses compared to the study by Kim et al. [16] . Thus, an increase in cellulose conversion was observed with increase in enzyme dose. Starch hydrolysates in fiber (49.3% w/w) might be responsible for cellulase inhibition during SSF. Addition of 7.7 mg starch hydrolyzates/mg protein led to 25% inhibition of β-glucosidase in a study with model cellobiose compounds [41] . Higher cellulase to inhibitor ratio in 4x cellulase treatment was responsible for higher conversion compared to control.
Pretreatment is required for loosening biomass structure and reducing recalcitrance for achieving high hydrolysis efficiency [36, 37] . However, in the case of fiber, conversion efficiency (92.5%) achieved by the addition of 120 FPU/g fiber cellulase during SSF was higher than other treatments (Figure 4) . Kim et al. [16] reported 98% conversion of pericarp with 5 mg/g pericarp dose of phenol tolerant cellulases and maintaining pericarp size to 5.1 mm. Accessibility to cellulose and enzyme inhibition are major impediments to hydrolysis of pericarp which can be overcome by not limiting the availability of enzyme. A major drawback of using excess cellulase addition is the cost associated with cellulolytic enzymes. However, biomass pretreatment is an energy intensive operation and requires retrofitting in the dry grind plant increasing operating and capital costs. Cost of using excess cellulase enzymes might be offset by the absence of pretreatment step in fiber conversion. A detailed techno-economic analysis would be required to find an optimum process for conversion of fiber in dry grind plant. Pretreatment is required for loosening biomass structure and reducing recalcitrance for achieving high hydrolysis efficiency [36, 37] . However, in the case of fiber, conversion efficiency (92.5%) achieved by the addition of 120 FPU/g fiber cellulase during SSF was higher than other treatments (Figure 4) . Kim et al. [16] reported 98% conversion of pericarp with 5 mg/g pericarp dose of phenol tolerant cellulases and maintaining pericarp size to 5.1 mm. Accessibility to cellulose and enzyme inhibition are major impediments to hydrolysis of pericarp which can be overcome by not limiting the availability of enzyme. A major drawback of using excess cellulase addition is the cost associated with cellulolytic enzymes. However, biomass pretreatment is an energy intensive operation and requires retrofitting in the dry grind plant increasing operating and capital costs. Cost of using excess cellulase enzymes might be offset by the absence of pretreatment step in fiber conversion. A detailed techno-economic analysis would be required to find an optimum process for conversion of fiber in dry grind plant. 
Conclusions
This study investigated various pretreatments (hot water pretreatment and disk milling) and hydrolysis conditions (30 FPU/g fiber and 120 FPU/g fiber cellulase addition) to maximize ethanol yield from corn fiber. Conversion of hot water pretreated fiber was higher than untreated fiber after SSF with highest conversion (76.6%) observed with lowest pretreatment severity (160 °C for 5 min) 
This study investigated various pretreatments (hot water pretreatment and disk milling) and hydrolysis conditions (30 FPU/g fiber and 120 FPU/g fiber cellulase addition) to maximize ethanol yield from corn fiber. Conversion of hot water pretreated fiber was higher than untreated fiber after SSF with highest conversion (76.6%) observed with lowest pretreatment severity (160 • C for 5 min) amongst treatments. SSF of untreated fiber with excess cellulase addition resulted in highest conversion (92.5%) amongst the treatments studied. Disk milling pretreatment was not effective in increasing ethanol yields. The study concluded that a high fiber to ethanol conversion efficiency can be achieved without pretreatment with excess cellulase addition.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/11/11/2921/ s1, Figure S1 : Cellobiose profiles for fiber pretreated with hot water. Table S1 : Ethanol concentrations achieved with different pretreatments after accounting for enzyme blanks. Table S2 : Ethanol concentrations achieved with excess cellulase dose after accounting for enzyme blanks. 
